The saltatory propagation of action potentials on myelinated axons is conventionally explained by the mechanism employing "local circuit ionic current flows" between nodes of Ranvier. Under this framework, the myelin sheath with up to 100 layers of membrane only serves as the insulating shell. The speed of action potentials is measured to be as fast as 100 m/s on myelinated axons, but ions move at just 100 nm/s in a 1 V/m electric field. We show here the action potentials, in the form of electromagnetic (EM) pulses, can propagate in natural EM waveguide structures formed by the myelin sheath merged in fluids. The propagation time is mainly cost on the duration for triggering EM pulses at nodes of Ranvier. The result clearly reveals the evolution of axons from the unmyelinated to the myelinated, which has remarkably enhanced the propagation efficiency by increasing the thickness of myelin sheath.
In nature, a high speed for information transmission among different parts of a live creature is one of the crucial factors that determine its survival chance. The information in a biosystem is transmitted either chemically or physically, or by a hybrid combination of both 1 . The velocities for diffusion of molecules in a fluid and for directional movement of ions in an external electric field are both very slow 2 . For instance, in a dilute electrolyte, experimental data show that under an electric field intensity of 1 V/m ions can only move at a speed about 100 nm/s. By sharp contrast, an EM wave propagates in vacuum at a speed of 3×10 8 m/s. The transmission of an EM wave can be regarded as transmission of energy, not transport of mass. With limited scattering effects, an EM wave can travel in vacuum or in a uniform dielectric over a long distance without remarkable loss in energy. This is the reason that Hubble
Space Telescope can receive images of galaxies at the edge of the universe, and a high-quality optical fiber can efficiently transfer data across the Pacific. Engineers have also made a variety of transmission lines and waveguides for high-efficiency transmission of EM waves 3, 4 .
It is well known that the action potential is generated by the transient ion flows passing through ion channels. Maxwell equations show that such transient ion flows emit EM waves in the forms of electrical pulses in the way similar to dipole antennas.
And, the electrical pulses can propagate along certain transmission path without employing physical movement of charge carriers. Therefore, it is a wise choice for the nature to transmit information through EM waves.
However, an EM wave is usually strongly scattered in a complex biosystem made of materials with varied phases, densities, dielectric constants, shapes and sizes. The strong scattering processes are sometimes useful for precise imaging [5] [6] [7] . The inner part of an axon contains many sub-cellular organelles and cytoskeleton structures such as microtubule, microfilament and neurofilament, thus it has a large resistivity for dc current and strongly scatters an EM wave due to its non-uniformity in dielectric constant, shape, size and density of sub-cellular organelles. As a result, the inner part of an axon is not favorable for transmission of electric signals via either dc currents or EM waves.
But fortunately, the phospholipid bilayer has a uniform structure. It is the basic framework of the membrane, and such a membrane covers each and every single cell in a biosystem. In this work, we show that by using the membrane as the main frame, EM waveguide structures can be naturally formed in the inner fluidic environment in biosystems, and such EM waveguide structures are efficient for the propagation of action potentials.
Results
The EM waveguide structure formed by electrolytes and dielectrics It is well known that a conductor-dielectric (or vacuum)-conductor sandwich structure can form a parallel plate waveguide. Figure 1b shows the model of an electrolyte-dielectric-electrolyte sandwich EM waveguide structure, which is formed by one layer of dielectric between two layers of electrolyte (see Supplementary 1).
The calculated reflection coefficient R EM value versus the concentration of bulk electrolyte C bulk is plotted in Figure 1c , where the frequency of the EM wave is arbitrarily set at 10 kHz, and the permittivity of the central dielectric layer at 3.0. In the range of bulk concentration from 0.01 to 1.0 mol/l, R EM increases from 0.58 to 0.95. It suggests that the electrolyte-dielectric-electrolyte sandwich structure works well as an EM waveguide, though not as perfect as a metal waveguide. An EM waveguide can also be formed within a confined fluid channel, as shown in 
EM coupling between connected membranes
Next we discuss the propagation of EM waves in the membrane network. In a biosystem when two membranes are close or connected by proteins, a kind of dielectric softmaterial, as shown in Figure 3a , an EM wave can inject into the "X"-shaped structure from one side of any membrane, and comes out from both membranes at the other side. This is an important concept showing that an EM wave can travel through a network of coupled membrane network, as long as the membrane network is surrounded by electrolytes. Therefore, the propagation of dendritic impulses in a neural system is dictated by this principle.
Figure 3
Cross-sectional images of coupled membrane waveguide structures. a), When two membranes are connected in a biosystem, an EM wave can inject into the "X"-shaped structure from one of the two channels at the left side, and comes out through both channels at the right side, when the membrane network is surrounded with electrolytes. b), Schematic cross-sectional structure of a myelinated axon near a node of Ranvier, where the axon is firmly wrapped with a myelin sheath consisted of multilayered membranes. An EM pulse generated at the node of Ranvier can be transmitted in both the membrane of axon and the myelin sheath. c), An electric synapse, where at the central region there is a gap junction, and the two membranes are connected by connexons. The inset shows the membrane. Figure 3b shows the schematic cross-sectional structure of a myelinated axon near a node of Ranvier, where the axon is firmly wrapped with the myelin sheath, multilayered membranes. An axon is conventionally considered as a transmission line and the myelin sheath acts as the insulating sheath. However it is hard to understand that myelin sheath use even more than one hundred layers of membrane for insulation.
Dictated as above, an EM pulse generated at the node of Ranvier can be transmitted both in the membrane of axon and the myelin sheath. Therefore, the myelin sheath acts in fact as the dielectric core of the waveguide structure by adding the thickness of the total membrane layers. Figure 3c shows the cross-sectional structure of an electric synapse, where the ends of two opposite axons are coupled with a gap junction. At the gap, with a narrow spacing around 3 nm, the local membranes of two axons are connected by connexons. No ion channels can generate action potentials existing in the gap junction, but experimentally it has been found that action potentials can propagate through the gap junction from one axon to the other without any measurable delay in time.
The mechanism of such a transmission cannot be explained clearly by conventional model with ionic current flows. However, following the model presented in this paper, it is a natural result that the action potential is transmitted in the form of the EM pulse which propagates inside the fluid-membrane-fluid waveguide structure of one axon and passes across the connexon-coupled gap junction and continuously propagates inside the fluid-membrane-fluid waveguide of the other axon. The time delay for such an EM-wave propagation across the coupling junction is in the order of 10 fs, therefore is not measurable.
Action potentials "saltatory" between nodes of Ranvier on myelinated axons
Now we can apply the fluid-membrane-fluid waveguide structure to explain the propagation of action potential between neighboring nodes of Ranvier along a myelinated axon, so-called "saltatory" mechanism, which is not clearly explained under conventional framework with local circuit ionic current flows. wave pulse is generated at Node B, which propagates shortly along the axon and triggers excitation at Node C. Again, the fourth frame Figure 4d shows the repeated EM wave pulses generated at Node C. If the structure of node of Ranvier, the number and distribution of ion channels, and the triggering mechanism at each ion channel are roughly the same [8] [9] [10] , we can expect that the fresh EM wave pulses generated at different nodes have the same strength and shape. And this has been proven by many experimental reports.
The Propagation efficiency for EM waves in different types of axons
Next we examine the propagation efficiency for EM waves in myelinated and unmyelinated axons of various dimensions.
In a live cell, the skeleton of membrane, the phospholipid bilayer, is usually embedded with certain density of proteins and other molecules, and it consists of intrinsic structural defects. As a result, an EM wave propagating inside the membrane is remarkably scattered, leading to a limited propagation distance. As well as the fluid, full of ions and molecules, is not a conductor as good as the metal.
Now we introduce L 0 as the efficient propagation length for an EM wave transmitted along an axon waveguide, defined as in z direction. Assume the original electric field intensity E 0 attenuates along the propagation path in the way that can be described by = 0 − / 0 . When z = L 0 , 2L 0 , and 3L 0 , E ≈ 37% E 0 , 14% E 0 , and 5% E 0 , respectively. Therefore, 1-3 L 0 is the distance that an EM wave can be transmitted efficiently, beyond which, the energy strength of the propagating EM wave is assumed to be too small to be detected by natural bio-sensors in a biosystem.
We have mentioned that the model shown in Figure 1b is similar to that of a parallel plate waveguide. While wrapped on an axon surface, the membrane forms a co-axial geometry, by which the side-leaking effect of EM energy is remarkably eliminated. The unmyelinated axons are usually thicker than myelinated ones. And, experiments show that the thicker the unmyelinated axons, the faster the transmission speed for action potential. 
Discussions
With a geometric structure similar to that of a metallic parallel plate waveguide, the fluid-membrane-fluid waveguide is in favor of propagating TEM waves. In a metallic parallel plate waveguide, the component of a TEM wave with electrical field parallel to x direction can propagate for a long distance, but its component with electrical field parallel to y direction cannot. However, as EM waves propagate in fluids in a way different from that in a metal, so the characteristic nature of a metallic parallel plate waveguide is not fully applicable in the waveguides shown in Figure 2 .
In fluids and membranes, EM waves are expected to show frequency dispersion.
As shown in Figure 4 , the "saltatory" phenomenon observed in myelinated axons is a natural result of propagation of EM pulses between neighboring nodes of Ranvier.
It is important to note that, the propagation of an EM pulse along the membrane of axon and the myelin sheath does not require any external bias voltage or directional current of ions along the axon axis either inside or outside the axon. And, this process does not cause the reversal of membrane potential in the internode region. As this region could be as long as 2 mm, indeed the local electric field generated at any node is screened at this distance, therefore the bias for the local circuit ion current proposed in conventional theory does not exist.
The results shown in Figure 5c can be considered as a snap shot of such an evolution. In nature the myelinated axons in complex biosystems are developed from unmyelinated axons in simpler biosystems. One layer of membrane for the unmyelinated axon is developed into multilayer of membrane for the myelinated. In the conventional framework of neuroscience, it is hard to explain why the number of membrane layers for the myelin sheath is observed as many as a hundred or even more. However, as shown in Figure 5c and Figure 5d , in the view of EM waveguide, the reason is clear: The thicker the myelin sheath the better the efficiency of the waveguide. As a result, due to this mechanism, the number of myelinated axons a vertebrate can contain in its spine is a thousand times more than that of unmyelinated ones having the same transmission efficiency, and this is much favorable for advanced communications in the whole body.
Note that in Figure 5c and Figure 5d , the plotted efficient propagation length L 0 is scaled to arbitrary unit (a.u.) due to lack of the exact experimental data. In 1960s, According to the conventional theories, the action potential can be applied to the sarcolemma via a synapse. However, if this is the case, the transmission of electrical signals inside a muscle fiber faces difficulties: (1), there is no axon or excitable membrane connecting the myofibrils and the sarcolemma; (2), there is no loop for local current flow or pressure gradient, i.e., there is no driving force for the motion of ions or molecules in a T tubule; (3), the number of synapse connected to the muscle fiber is much less than the number of myofibril inside each muscle fiber, so that the length of T tubules from each myofibril to the sarcolemma is different from each other, and (4), it is known that the diffusion speed of molecules in solution, and the motion of ions under an external dc field, are both very slow. But in a live biosystem a bundle of myofibrils in a single muscle fiber do react together to the same external action potential signal within a time scale of 20-100 ms 18 . This strongly indicates that the same single action potential signal is received by each and every myofibril almost simultaneously. So a consisted explanation is that the signal is not transmitted by molecule diffusion or ion transportation in the T tubules, but by EM waves through the membrane of T tubule. The membrane of T tubule serves as a good EM waveguide, and as a result, although the absolute distance of different myofibrils away from the same synapse-sarcolemma junction varies much, the difference in the transmission times of EM wave is much less than 1 ns, therefore this delay is negligible.
Conclusion
Clearly, we have shown that to transmit information in a biosystem by EM waves through the fluid-membrane-fluid waveguide structures is physically feasible and an energy-efficient approach. For transmitting an EM wave in a uniform membrane, it needs only a proper source of the EM pulses, such as a transient ionic current flow passing through an ion channel; it does not require any external bias voltage or directional current. The energy dissipation during the propagating of an EM wave is much smaller than that in case of a mass transport.
Supplementary 1: The reflection coefficient R EM of EM waves reflected at the smooth interface of in a uniform dielectric
In a uniform media, the Maxwell equations for an EM wave can be written in the form of the following:
(1) (8) where σ is the conductivity of the conductor. In vacuum, α = 0.
For an EM wave incident to a surface from material A to material B,
× ( − ) = (10)
• ( Defined E, E' and E'' are the electrical field intensities for the incident, reflected and transmitted EM waves, respectively. So E A = E+E', and E B = E''. The reflection coefficient R EM is defined as:
An ideal waveguide has R EM of 1, while for practical waveguides R EM < 1.0, i.e., part of the EM wave energy is lost in the conductor by Joule heating, so that the strength of the EM wave decreases along the transmission path. And, the EM wave energy is also dissipated via scattering process in the dielectric.
It has been proven that an EM wave can only penetrate a thin layer of metal. The thickness of this thin layer is defined as the penetration depth δ, and for a good conductor ≈ � Joule heating, so that the strength of the EM wave decreases along the transmission path. And, the EM wave energy is also dissipated via scattering process in the dielectric media. Along the transmission path, the energy density for a plane EM wave, often characterized by |E| 2 , keeps constant in vacuum and decreases slightly in a waveguide over a long distance.
According to the Nernst-Planck Equation, the conduction current density J of the electrolyte fluid layer along z direction can be written as: The ac conductivity σ(ω) of a bulk electrolyte fluid can be described as 3 :
where Ω is the Einstein Frequency, k B being Boltzmann's constant. Only the conduction current, which has the same phase with that of the electric field, consumes the energy. As a result, the EDL has a much higher conductivity when compared to the dilute bulk solution, and it can serve as the conducting cladding layer of a waveguide. The conductivity of EDL, σ EDL can be revealed from Σ s or the zeta-potential, ζ 5 . Figure   S1b shows that, this kind of fluidic waveguide only works well under the condition when the surface charge density is high and the ion concentration of bulk solution is low. By contrast, our calculation shows that when C bulk is bigger than 0.1mol/l, the EDL phenomenon has negligible effect on R EM for the structure shown in Figure 1b .
In this waveguide structure, a large gradient of ion concentration exists from the edge of the channel towards the center. In practical systems, when a solid surface is in contact with electrolyte, it is often charged with a surface charge density of Σ s . In a dilute electrolyte solution, the average concentration of counterions in the EDL is much larger than that in the bulk solution, as shown in Figure S1a , where the channel surface facing the electrolyte is assumed negatively charged. The thickness of an EDL can be estimated to be the Debye length, 1/κ. Compared to the dilute bulk solution, the EDL has a much higher conductivity, and it can serve as the conducting cladding layer of a waveguide. Thus the fluidic channel structure shown in Figure 1c is indeed an EM waveguide. The conductivity of EDL, σ EDL can be revealed from the surface charge density Σ s or the zeta-potential, ζ. When the surface charge density is high and the ion concentration of bulk solution is low, the waveguide works well. Figure S1b shows an extreme example, where C bulk is set at 1.0×10 -7 mol/l and R EM is plotted versus Σ s . In this case, one sees that R EM increases with Σ s , from 0.54 at 0.01 e/nm 2 to 0.95 at 0.1 e/nm 2 .
